Water dynamics as reflected by the spectral diffusion of the water hydroxyl stretch were measured in w 0 = 2 (1.7 nm diameter) Aerosol-OT (AOT)/water reverse micelles in carbon tetrachloride and in isooctane solvents using ultrafast 2D IR vibrational echo spectroscopy. Orientational relaxation and population relaxation are observed for w 0 = 2, 4, and 7.5 in both solvents using IR pumpprobe measurements. It is found that the pump-probe observables are sensitive to w 0 , but not to the solvent. However, initial analysis of the vibrational echo data from the water nanopool in the reverse micelles in the isooctane solvent seems to yield different dynamics than the CCl 4 system in spite of the fact that the spectra, vibrational lifetimes, and orientational relaxation are the same in the two systems. It is found that there are beat patterns in the interferograms with isooctane as the solvent. The beats are observed from a signal generated by the AOT/isooctane system even when there is no water in the system. A beat subtraction data processing procedure does a reasonable job of removing the distortions in the isooctane data, showing that the reverse micelle dynamics are the same within experimental error regardless of whether isooctane or carbon tetrachloride is used as the organic phase. Two time scales are observed in the vibrational echo data, ∼1 and ∼10 ps. The slower component contains a significant amount of the total inhomogeneous broadening. Physical arguments indicate that there is a much slower component of spectral diffusion that is too slow to observe within the experimental window, which is limited by the OD stretch vibrational lifetime.
I. INTRODUCTION
Chemical, biological, geological, and industrial systems often involve water molecules in nanoconfined environments mediating processes at interfaces. The chemical composition of the interface can vary (neutral, charged, hydrophobic, etc.), as well as the size of the confining space. The environment can be a protein pocket or surface, the surface of a cell membrane, the lattice structure of a zeolite, or the water channel in a polyelectrolyte fuel cell membrane. In its bulk form, water exists in an extended hydrogen bond network where water molecules readily make and break hydrogen bonds. Hydrogen bond reformation is a concerted process involving water motions of both the first and second solvation shells.
1, 2 Interfaces and nanoscopic confinement can disrupt the rearrangement pathways and slow down hydrogen bond dynamics. [3] [4] [5] Important questions involve how an interface influences water dynamics as a function of the size of the system. Observables that report on these influences include the orientational relaxation, 6 vibrational lifetime, 7 and spectral diffusion of the water hydroxyl stretch. 8 To study confined water, it is useful to employ a system in which the size of the water nanopool can be controlled. The ternary system of the surfactant Aerosol-OT (AOT), water, and a nonpolar phase is often used for this purpose, as reverse micelles of varying water pool diameters, ranging from 1 nm to tens of nanometers, can be made by changing the relative a) Electronic mail: fayer@stanford.edu.
amounts of the components of the mixture. [9] [10] [11] The parameter w 0 = [H 2 O]/[AOT] determines the water pool size.
11 AOT (Fig. 1) is a charged surfactant molecule with an anionic sulfonate head group and a sodium counter ion. The head group region comes into direct contact with the water pool. The branched, alkyl tails of AOT are immersed in a nonpolar solvent. In large reverse micelles, most of the water resides in a bulklike core while a smaller fraction is influenced by the interface. 12 In small reverse micelles, the interface can perturb the entire water nanopool so that all water molecules deviate from bulklike behavior. 5, 12 In addition to having a range of sizes, AOT reverse micelles are spherical, monodispersed, and well characterized, making them a useful system for study. Furthermore, a variety of solvents, including isooctane, hexane, toluene, and carbon tetrachloride, may be used as the nonpolar phase without significantly changing the size or characteristics of the enclosed water pool. 13, 14 In this paper, we will address whether changing the identity of the nonpolar phase affects the dynamics of the water pool, even though the static properties, such as size, remain the same.
Techniques which have been employed to study the dynamics of water in AOT reverse micelles include ultrafast infrared (IR) spectroscopy, 3-5, 12, 15-22 nuclear magnetic resonance, 23, 24 fluorescence, [25] [26] [27] [28] [29] [30] neutron scattering, 31 dielectric relaxation, 32 and molecular dynamics (MD) simulations. [33] [34] [35] These studies collectively agree that water hydrogen bond rearrangement slows down as the reverse micelle size decreases. In particular, ultrafast IR spectroscopy is a potent technique, as it can probe water dynamics on the relevant picosecond time scale by monitoring observables associated with the water hydroxyl stretching mode.
Spectral diffusion and orientational relaxation in bulk water using dilute HOD in either H 2 O or D 2 O have been studied with experiments [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] and MD simulations. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] HOD is studied rather than pure H 2 O or D 2 O to eliminate vibrational excitation transfer 56, 57 and to simplify the hydroxyl stretch spectrum. For HOD in bulk H 2 O, 2D IR vibrational echo experiments show a homogeneous component and spectral diffusion. 38, 41 The spectral diffusion occurs on multiple time scales. There is a very fast time scale (<0.4 ps) that MD simulations show arises from very local hydrogen bond fluctuations, mainly of the lengths of the hydrogen bonds. 51, 53 The longest time scale for spectral diffusion (1.7 ps) is associated with complete randomization of the hydrogen bond network structure. Pump-probe orientational anisotropy measurements yield a 2.6 ps orientational relaxation time 58 (second Legendre polynomial orientational correlation function decay 6 ) following an ultrafast inertial component. 59 The 2.6 ps time arises from jump orientational relaxation.
1, 2 The jump reorientation mechanism for orientational relaxation is closely related to the hydrogen bond network randomization that gives rise to the slowest component of the spectral diffusion and the two times, 2.6 ps and 1.7 ps, respectively, are very similar.
In this paper we employ polarization selective IR pumpprobe experiments and ultrafast 2D IR vibrational echo experiments. The IR pump-probe experiments measure the vibrational population relaxation and orientational relaxation for three small sizes of micelles, w 0 = 2, 4, and 7.5. Each w 0 was prepared in isooctane and in carbon tetrachloride. We also present a study of the spectral diffusion of water in the w 0 = 2 reverse micelle using ultrafast 2D IR vibrational echo experiments to monitor the structural evolution of the water hydrogen bond network, also in the two different solvents. w 0 = 2 reverse micelles have a water pool diameter of 1.7 nm and contain ∼40 water molecules. 12 In w 0 = 2, all of the water molecules are strongly influenced by the presence of the interface, but not all hydroxyl groups are necessarily hydrogen bonded to a sulfonate.
Isooctane has been widely used as the nonpolar phase for AOT reverse micelle systems in a variety of experiments ranging from viscosity and density characterizations to x-ray scattering and ultrafast IR measurements. 10, 12, 60, 61 MD simulations have also utilized isooctane as the nonpolar phase. It is therefore important to know whether experiments carried out in different solvents may be compared. In this paper we compare results for the solvents isooctane and CCl 4 . We find within experimental error that the spectra, population relaxation, and orientational relaxation remain constant for a given w 0 regardless of the solvent. Initially the spectral diffusion of the OD stretch of dilute HOD in H 2 O in w 0 = 2 reverse micelles appears to be much faster when the solvent is isooctane than when it is CCl 4 . However, the interferograms that are Fourier transformed to obtain the 2D IR vibrational echo spectra are distorted in the isooctane solvent system. In the absence of HOD and in the absence of any water, two situations in which no signal should be produced, the AOT/isooctane sample gives a signal in the vibrational echo experiment but the AOT/CCl 4 sample does not. Isooctane by itself gives no signal. A method was developed in which the interferogram signals from the AOT/isooctane/H 2 O sample were recorded and subtracted from the interferogram signals obtained from the AOT/isooctane/HOD/H 2 O sample. When this 2D background is removed, the spectral diffusion from the samples with CCl 4 and isooctane become similar. Because of the distortions introduced by the isooctane solvent, CCl 4 is a better solvent for the 2D IR experiments. These results show that the experimental results may be directly compared even if different solvents are used as the nonpolar phase.
II. EXPERIMENTAL PROCEDURES
Isooctane, carbon tetrachloride, H 2 O, and D 2 O (SigmaAldrich) were used as received. Aerosol-OT (sodium bis(2-ethylhexyl) sulfosuccinate, AOT) was vacuum dried for at least 1 week before sample preparation. 0.5 M stock solutions of AOT were prepared in isooctane and in carbon tetrachloride. The residual water content was determined by Karl Fischer titration to be w 0 = 0.14 in the isooctane stock solution and w 0 = 0.2 in the carbon tetrachloride stock solution. Reverse micelle samples were prepared by mass by adding appropriate amounts of a stock solution of 5% HOD in H 2 O to measured quantities of the AOT stock solutions to make the desired w 0 .
The OD stretch of dilute HOD in H 2 O is studied because it prevents vibrational excitation transfer processes from causing artificial decays of the orientational correlation function and the frequency-frequency correlation function (FFCF) (spectral diffusion). 56, 57 MD simulations have shown that a small percentage of HOD does not change the structure and properties of H 2 O and that experiments on the OD stretch yield the dynamics of water. 52 The samples for IR absorption and ultrafast experiments were contained in sample cells consisting of two calcium fluoride windows separated with a Teflon spacer. The Teflon spacer thickness was chosen such that the optical density in the OD stretch region was ∼0.1 for 2D IR echo experiments and ∼0.5 for pump-probe experiments.
In the laser system, a Ti:sapphire oscillator seeds a regenerative amplifier, the output of which pumps an optical parametric amplifier (OPA). The output of the OPA is difference frequency mixed in a AgGaS 2 crystal to generate ∼70 fs pulses at ∼4 μm (2500 cm −1 ). The wavelength of the IR light is tuned to the frequency of the peak absorption of the OD stretch spectrum, which is 2565 cm −1 for w 0 = 2. In the 2D IR experiments, the IR beam is split into three excitation pulses and a fourth beam, the local oscillator (LO). The three excitation pulses are time ordered, with pulses 1 and 2 traveling along variable delay stages. The first pulse creates a coherence consisting of a superposition of the v = 0 and v = 1 vibrational levels. During the evolution period τ , the phase relationships between the oscillators decay. The second pulse reaches the sample at time τ and creates a population state in either v = 0 or v = 1. A time T w (the waiting period) elapses before the third pulse arrives at the sample to create another coherence that partially restores the phase relationships. Rephasing of the oscillators causes the vibrational echo signal to be emitted at a time t ≤ τ after the third pulse. During T w , spectral diffusion occurs as the water molecules sample different environments due to dynamic structural evolution of the system. The frequencies of the OD vibrational oscillators evolve (spectral diffusion) as the water network structure changes. The vibrational echo signal is spatially and temporally overlapped with the LO for heterodyned detection. The heterodyned signal is frequency dispersed by a monochromator and detected on a 32 element mercury cadmium telluride detector. At a fixed T w , τ is scanned to generate a 2D IR vibrational echo spectrum. Then T w is changed and another 2D spectrum is recorded. The time evolution of the 2D spectra provides the information on spectral diffusion.
The correlation spectra are vulnerable to errors in delay stage timing as well as linear chirp. The chirp in the IR pulses is measured by a frequency resolved optical gating technique 62 in a nonresonant version of the experimental sample (no OD chromophore). The chirp is corrected by changing the amount of calcium fluoride through which the IR beam travels. The temporal overlaps between pulses 1, 2, and 3 are set through a three pulse cross-correlation experiment in the nonresonant sample. An automatic computer controlled program periodically resets the timing between pulses 1, 2, and 3 to prevent temporal overlap drifts that are significant to the experiment. In this process, data collection on the experimental sample is halted and a computer controlled pneumatic translation stage moves the nonresonant sample into the experimental position. The intensity level signal is then directed into a single element IR detector using a computer controlled mirror. The temporal overlap of the three stages is checked and corrected, if necessary, after which the experimental sample is moved back into position.
The timing between the signal and LO is also checked periodically. Before the experiment, with pulses 1, 2, and 3 having zero delays, the signal from the resonant experimental sample is combined with the local oscillator and directed into a single element detector. The LO is scanned to record a temporal interferogram which is used as a reference during the experiment. After the zero of time of pulses 1, 2, and 3 is reset and the resonant experimental sample is back in place, the signal combined with the local oscillator is again directed into the single element detector using a computer controlled mirror. The local oscillator is scanned, and the temporal interferogram is compared to the one recorded at the beginning of the experiment. The local oscillator delay stage position is then reset to match the measured interferogram to the initially recorded interferogram. Because there are a very large number of oscillations, the timing can be set accurately. The periodic retiming of pulses 1, 2, and 3 and the LO relative to the signal eliminates the drift which can be detrimental to data collection. The signal to noise of the data is improved by averaging the interferograms from many scans. The procedure outlined above enables data to be collected for days without timing errors distorting the data. When a new sample is used, the initial measurements must be repeated to account for the differences in the properties of the samples.
Center line slope (CLS) analysis [63] [64] [65] of the 2D IR vibrational echo spectra is used to analyze the data. In the CLS technique, slices are cut through the 2D spectra parallel to the ω m (detection) axis and fit to Gaussian line shapes to obtain the peak positions for each slice. The peak positions are plotted versus ω τ (the excitation axis frequency intercepted by each slice) over a range of frequencies about the center of the spectrum and fit with a linear regression to find the slope of the line. These slopes are obtained for each T w and plotted versus T w . The CLS method of data analysis is a useful method for extracting information from the 2D data. It is independent of a specific model of the spectral diffusion dynamics. A fit to the CLS data using, for example, a multiexponential model yields time constants that can be compared for different systems. MD simulations can be used to calculate the 2D IR vibrational echo spectra, and then the CLS can be obtained from the simulated 2D spectra and compared to data.
It has been shown theoretically that the CLS can be used to determine the FFCF under the assumption of Gaussian fluctuations. 63, 65 The FFCF is a key to understanding the structural evolution of molecular systems in terms of amplitudes and time scales of the dynamics. The FFCF is the joint probability distribution that the frequency has a certain initial value at t = 0 and another value at a later time t. The FFCF connects the experimental observables to the underlying dynamics. Once the FFCF is known, all linear and nonlinear optical experimental observables can be calculated by time-dependent diagrammatic perturbation theory. 66 However in bulk water, non-Condon effects and deviation from Gaussian fluctuations play a role in the nature of the 2D IR vibrational echo spectra and other observables. 67, 68 Non-Condon effects account for a varying transition dipole with absorption frequency. 67, 68 The FFCF is based on a theoretical methodology that does not include non-Condon effects. Simulations of bulk water using the Gaussian approximation or simulations without the Gaussian approximation, which include non-Condon effects, and other details show that variations in the simulations of the experimental observables using different water models are as large as differences that arise from making or not making the Gaussian approximation. 38, 41, 53, 68 For water nanopools in reverse micelles, which are even more complex than bulk water, the difficulties of trying to extract useful information from 2D IR spectra using full simulations are monumental. Therefore, employing the CLS to determine the FFCF, in spite of its approximate character, is a very useful approach for determining the time scales of structural fluctuation and for comparing one system to another.
The FFCF can be described with the form
The i are the frequency fluctuation amplitudes of each component and the τ i are their associated time constants. If τ < 1 for one component of the FFCF, then and τ cannot be determined separately, but rather give rise to a motionally narrowed homogeneous contribution to the absorption spectrum with pure dephasing width given by p = 2 τ = 1/π T * 2 , where T * 2 is the pure dephasing time and p is the pure dephasing linewidth. The total homogeneous dephasing time, T 2 , also has contributions from the vibrational lifetime and orientational relaxation. T 2 is given by
where T * 2 , T 1 , and T or are the pure dephasing time, vibrational lifetime, and orientational relaxation time, respectively. The total homogeneous linewidth is h = 1/π T 2 . The homogeneous linewidth is dominated by pure dephasing. The CLS decay yields the normalized FFCF. Detailed procedures for converting the CLS measurement into the FFCF have been described previously. 65 By combining the CLS with the linear absorption spectrum, the full FFCF is obtained including the homogeneous component.
In the polarization and wavelength selective pump-probe experiments, the IR beam is split into two pulses, a weak probe and an intense pump. The pump is polarized at 45
• relative to the horizontally polarized probe pulse. The pump and probe impinge on the sample, after which the polarization of the probe is resolved parallel and perpendicular (+/-45
• , respectively) to the pump using a polarizer on a computer controlled rotation stage. The polarization is again set to horizontal before entering the monochromator in order to eliminate problems from polarization-dependent diffraction and reflection efficiencies of the monochromator. Again, the frequency-dispersed signal is detected by a 32 element mercury cadmium telluride detector. The measured parallel and perpendicular signals contain information about the population relaxation and orientational dynamics of the water molecules (HOD),
where P(t) is the vibrational population relaxation and C 2 (t) is the second Legendre polynomial orientation correlation function for a dipole transition. The parallel and perpendicular signals are combined to give the pure population relaxation,
The signals may also be combined to give the anisotropy r(t), from which C 2 (t) can be extracted, Figure 2 shows the linear absorption spectra of the OD stretch in H 2 O in three small reverse micelles in carbon tetra- chloride and isooctane solvents, in addition to the spectrum of bulk water for comparison. The spectra for a given w 0 for the two solvents are identical within experimental error, which supports previous experimental results that concluded that the micelle size varies little with the identity of the nonpolar solvent. 13 As has been discussed extensively previously, 12 the spectra exhibit a systematic blue shift as the size of the micelle decreases. Compared to the peak absorption of the OD stretch of HOD in bulk water that falls at 2509 cm −1 , the OD spectrum of water in the w 0 = 2 micelle has its peak absorption at 2565 cm −1 . When OD is bound to sulfonate moieties, the stretching spectrum is blue shifted relative to OD bound to a water oxygen. The spectra with higher proportions of interfacial waters have greater blue shifts.
III. RESULTS AND DISCUSSION

A. Infrared absorption spectroscopy and pump-probe experiments
3, 5, 12
Moilanen et al. recently studied the orientational dynamics of water molecules at the interface in AOT reverse micelles in isooctane, showing that in large reverse micelles, the dynamics of water molecules at the interface and in the core (bulklike water in the center of large water nanopools) may be separated. 3, 5 Each region has dynamics with its own characteristic decay constants. The water dynamics for small reverse micelles (w 0 ≤ 5) exhibit reorientation dynamics that are no longer separable into core and shell values. 5 The orientational relaxation of the OD stretch of HOD in H 2 O in w 0 = 2 reverse micelles has an ultrafast inertial component (<200 fs), a fast component (∼1 ps), which has been attributed to wobbling-in-a-cone, 5, 19, 69 and a very slow component of 110 ± 40 ps. 5 Because of limitations in the longest time that can be measured caused by the vibrational lifetime, even slower relaxation may occur.
Besides orientational relaxation, population relaxation (vibrational lifetime) behavior also provides insight into the structure and environment of water molecules in heterogeneous environments such as reverse micelles. When an oscillator becomes excited, its vibrational energy will dissipate into a combination of low frequency modes, such as bending modes, torsions, and bath modes, which sum to the original energy. 7, 70 In unrestricted environments such as bulk water, vibrational energy readily dissipates via these modes. When a solute or interface disrupts the hydrogen bonding network, pathways that were available in the bulk may no longer be accessible by the water molecules. Consequently, vibrational lifetimes are very sensitive to local environments. For instance, the two vibrational lifetimes observed in large AOT reverse micelles reflect a population of water molecules hydrogen bonded to other water molecules and a second population of water molecules hydrogen bonded to the sulfonate head groups. The lifetimes associated with these populations are 1.8 and 4.3 ps, respectively. 3 Previous experiments reported single exponential vibrational lifetime behavior in very small AOT reverse micelles (w 0 = 2 and 5) at all wavelengths, 12 but upon more rigorous analysis, we find that there is a slight wavelength dependence to the vibrational lifetime. Well to the blue side of the OD stretch vibrational spectrum, starting at ∼2620 cm −1 , the vibrational lifetime is single exponential, but the single lifetime varies somewhat with wavelength. For instance, at 2620 cm −1 the lifetime is 7.4 ps, while at 2640 cm −1 it is 8.1 ps. At lower frequencies in the absorption spectrum, the vibrational lifetime displays biexponential behavior. For the w 0 = 2/CCl 4 sample, there is a relatively fast lifetime component of 2.0 ps with a small amplitude (13% and 8% at 2590 and 2610 cm −1 , respectively) while a second slower component of ∼7.5 ps makes up the rest of the amplitude. Again, there is a slight wavelength dependence to the value of this second time constant (see Table I ).
The existence of two separate lifetimes does not necessarily mean that there are two distinct ensembles of water molecules as there are in larger reverse micelles. In larger reverse micelles (w 0 ≥ 7.5), there are distinct core and interfacial regions of water molecules, each with associated vibrational lifetimes. In w 0 = 2, the water pool is too small to have a distinct core region. A distinct core exists if there are at least some water molecules with first and second solvation shells that do not directly interact with the interface. In the very small reverse micelles, the majority of water molecules interacts with the interface. However, some of the hydroxyls will be hydrogen bonded to oxygens of other water molecules rather than to sulfonate head groups. Thus there are two types of local environments for the OD stretch vibrational relaxation. As vibrational lifetimes are extremely sensitive to local environment, these two environments give rise to two lifetimes. As the short lifetime, ∼2 ps, is very similar to the lifetime found in bulk water, we assign this to ODs bound to water oxygens. This assignment is further supported by the lack of this lifetime component on the blue side of the spectrum which arises from water molecules bound to sulfonates, and these ODs display only the long lifetime. The water molecules are not segregated into two regions with distinct lifetimes as they are in large reverse micelles. In contrast, orientational dynamics rely on concerted motions involving many water molecules.
1, 2 Therefore, in very small reverse micelles, orientational relaxation involves a single collective ensemble of water molecules while vibrational relaxation is sensitive to the differences in the immediate environment of a hydroxyl.
The w 0 = 4/CCl 4 reverse micelle system also shows twocomponent vibrational lifetime behavior with one time constant equal to 2.0 ps and the second time constant ranging from 6.4 to 7.4 ps, depending on the wavelength (Table I) . Again, local heterogeneities in hydrogen bonding inside the reverse micelle yield separate lifetimes even if the orientation dynamics do not yield separate orientation times. The vibrational lifetimes were measured for both the CCl 4 and isooctane systems (Table I) . Within experimental error, the observed lifetimes and associated amplitudes do not vary with solvent, further supporting the idea that the water nanopools remain constant regardless of the nonpolar phase's identity. Figures 3 and 4 display population and orientational relaxation data, respectively, for the three micelles in both solvents at a common wavelength. Within experimental error, the data are invariant with solvent.
Vibrational and orientational relaxation parameters were also measured for the w 0 = 7.5/CCl 4 reverse micelle system, listed in Table II . Unlike the two smaller reverse micelle sizes, w 0 = 7.5 shows two-component behavior in both vibrational lifetime and orientational relaxation. The functional form and usage of the two-component model have been addressed in depth in previous publications.
3 -5, 71 The w 0 = 7.5 reverse micelles behave the same as the w 0 = 10 reverse micelles studied previously. 5 Distinct core and interfacial regions exist for w 0 = 7.5, but unlike the larger reverse micelles (w 0 ≥ 16.5), the core region is not purely bulklike. Instead, its parameters are 2.1 ps for vibrational lifetime and 4.4 ps for orientation, which are slower than the bulk water values of 1.8 ps for vibrational lifetime and 2.6 ps for orientational relaxation. The interfacial values are 5.5 ps for vibrational lifetime and 30 ps for orientational relaxation. The corresponding values are also listed for the reverse micelles in isooctane, and they further show the insensitivity of the dynamics to solvent. Therefore, the spectra, lifetimes, and orientational relaxation times are the same within experimental error whether the solvent is isooctane or CCl 4 . Figure 5 displays 2D IR vibrational echo spectra for w 0 = 2 in CCl 4 at a series of T w 's. The ω τ axis is the frequency axis for the first radiation field interaction (first pulse) and the ω m axis is the frequency of the vibrational echo emission, which corresponds to the frequency of the third radiation field interaction (third pulse). The positive peak along the diagonal is from the 0 to 1 vibrational transition, while the negativegoing peak below it arises from vibrational echo emission at the 1-2 transition frequency. The 1-2 peak is shifted along the ω m axis by the vibrational anharmonicity. The spectrum is very elongated along the diagonal at early T w , meaning that there is a high probability that an oscillator excited at one frequency will be detected at the same frequency. As time progresses, the elongated peak becomes more symmetric as the oscillators sample different environments, causing changes in frequency (spectral diffusion). At the longest T w 's for w 0 = 2, spectral diffusion is not complete. There is still significant elongation along the diagonal.
B. 2D IR vibrational echo experiments
The 2D IR spectra can be analyzed with the CLS method [63] [64] [65] described in the experimental section. The CLS data for w 0 = 2 in CCl 4 are shown in Fig. 6(a) . The vibrational lifetime prevents the acquisition of data at longer times. For the physical reasons discussed below, we assume that there is a very slow component to the spectral diffusion that is beyond the experimental time window. In fitting the CLS, the very slow component is modeled as being infinitely slow, so the fit involves a sum of exponentials plus a constant (Table III) . In addition to the homogeneous component, there is a fast time constant of 0.9 ps, an intermediate time constant of 10 ps, and an offset reflecting the very slow dynamics. Using the CLS data and the linear absorption line shape, the FFCF was determined. 65 The results are presented in Table IV . Previously, echo peak shift measurements and diagrammatic perturbation theory were used to obtain the FFCF parameters for w 0 = 2 AOT. 12, 14, 20 However, these experiments only made measurements out to 2 ps. Here, measurements were made to 20 ps, and many more T w time points were measured. 35 Our initial echo experiments used isooctane as the organic phase because the AOT/water/isooctane microemulsion system has been well characterized, both in terms of steadystate characteristics and water hydrogen bonding dynamics. In addition, reverse micelles may be made up to very large diameters in isooctane, whereas those in CCl 4 are only stable up to w 0 ∼10. 12, 72 The bottom curve in Fig. 6 (b) displays the CLS for w 0 = 2 with isooctane as the solvent. The top curve is the same data as Fig. 6(a) ; the solvent is CCl 4 . We will return Table V. to the middle curve below. In spite of the fact that the spectra, vibrational lifetimes, and orientational relaxation were identical in the two solvents, initially it appeared that the spectral diffusion was very different.
Examination of the raw interferogram data for the isooctane solvent showed strange behavior. Figure 7 (a) displays an echo interferogram (raw data) of w 0 = 2 AOT/isooctane at 2580 cm −1 at T w = 1 ps. There are several peculiar features in this interferogram. First, there is a small beat around -0.3 ps. In addition, the amplitude rises very sharply as zero is approached from negative time with the peak of the intensity at ∼0 ps. The rising edge should be determined by the free induction decay, which is the Fourier transform of the absorption spectrum. The observed rising side is too fast. There is little to no peak shift, and the rephasing (positive time) region has a strange, concave shape. The beat pattern and strange shapes were reproducible and found at nearly all detection wavelengths and T w 's, with some exceptions at wavelengths far to the red. Similar patterns were observed for other w 0 's in isooctane as well. Figure 7 (b) displays an interferogram from an AOT reverse micelle of the same w 0 , T w , and detection wavelength, but the nonpolar phase is CCl 4 . This interferogram looks completely normal. There are no beats and the rising edge is slower, in accord with the free induction decay. To determine the reason for the unusual nature of the interferograms in the isooctane solvent and the possible influence on the CLS [the bottom curve in Fig. 6(b) ], we ran a series of vibrational echo experiments on samples which should have yielded no echo signal. One experiment was to see if pure isooctane generated an echo signal. It did not, and nor did pure carbon tetrachloride. We also ran the AOT/water/isooctane w 0 = 2 reverse micelle without any OD probe (just pure water in the micelle core) and obtained the interferogram shown in Fig. 8(a) . In addition to the large component centered on τ = 0, the negative time beat seen in Fig. 7(a) is present and a positive beat can also be seen. This second beat was obscured in Fig. 7(a) by the much larger signal produced by the OD stretch. We also obtained interferogram data on a sample of 0.5 M AOT solution in isooctane from which the reverse micelles were made. This sample had virtually no water (w 0 = 0.14). The stock solution yielded essentially identical data to the w 0 = 2 sample without HOD (Fig. 8(a) ), demonstrating that the addition of H 2 O does not affect the beat patterns. In addition, we made measurements on the CCl 4 stock solution (0.5 M AOT in CCl 4 ). This sample gave no signal. We only found the beating interferograms for samples containing both isooctane and AOT.
In a very different context, multicolor stimulated Raman experiments by John Wright studying AOT/D 2 O reverse micelles in octane in the same IR spectral range found anomalous components in the 2D spectrum. 73 Following discussions about the experiments presented here, they found that the anomalous band was even larger when they used isooctane as the solvent. We have conducted preliminary experiments with cyclohexane as the solvent and pure H 2 O in the reverse micelles. This nonresonant solution does not yield a vibrational echo signal. These results suggest that the interactions between methyl groups of the solvent and the AOT influence Fig. 7(b) . the nature of the system and give rise to the type of signal displayed in Figs. 7(a) and 8(a) . In contrast to AOT/CCl 4 , the FT-IR spectrum of AOT/isooctane displays some small absorptions in the spectral region of the OD absorption. However, none of these in particular could be assigned as being responsible for the beating interferogram shown in Figs. 7(a)  and 8(a) . Again, it is important to note that neither AOT nor isooctane by themselves gives rise to signals. The supplementary information for this paper includes FT-IR spectra of the solvents and stock solutions and provides additional details concerning the nature of the beats. 76 In an attempt to remove distortions from the isooctane data, we ran two sets of vibrational echo experiments backto-back, with one sample being the normal resonant w 0 = 2 AOT/isooctane reverse micelle with 5% HOD/H 2 O and the other being the w 0 = 2 sample with pure H 2 O. Running the samples right after one another preserved the laser conditions between the experiments as much as possible to make the data processing more reliable. Using the two sets of data, "beat subtracted" sets of interferograms were obtained. Figure 8(b) shows the pure H 2 O interferogram (blue) superimposed on the interferogram taken with HOD (red) for w 0 = 2 at 1 ps and 2580 cm −1 . Using the region of the negative time beat, the pure H 2 O data were multiplied by a constant so that its TABLE V. Biexponential fit parameters for beat subtracted w 0 = 2/isooctane and w 0 = 2/isooctane without beat subtraction. amplitude matched the amplitude of the beat from the HOD data. In addition, a small <2 fs adjustment in time was made to match the phases of the two sets of oscillations in the negative time beat region. The pure H 2 O interferogram (blue) was then subtracted from the HOD interferogram (red). The result of the subtraction is shown in Fig. 8(c) . This interferogram has been scaled for clarity. The interferogram after subtraction is virtually identical to the one shown in Fig. 7(b) . The negative time beat is gone. The rising edge has the correct shape as does the positive time decay.
This subtraction procedure was done at every wavelength for every T w (automated by a MATLAB fitting routine). It is important to state that this procedure is fraught with difficulties. Two completely separate sets of vibrational echo experiments need to be conducted on two samples. Just switching the samples, which of course are in different sample cells, can introduce error. After the subtraction procedure was applied to all of the interferograms from the isooctane sample, 2D IR vibrational echo spectra were constructed in the normal manner. From these spectra the T w dependent CLS was obtained. The plot of this CLS curve is the middle curve in Fig. 6(b) . While the middle curve in Fig. 6 (b) (beat subtracted isooctane) is not identical to the top curve (CCl 4 ), they are very similar. From the CLS plots the frequency-frequency correlation functions were calculated and compared. We found little difference between the isooctane and CCl 4 data. The FFCF for the reverse micelles in CCl 4 is given in Table IV . However, due to the inherent noise generated by so many data processing steps in the beat subtraction, especially at long T w 's, we feel more confident in our ability to fit and interpret the CCl 4 data. Both the CCl 4 and isooctane CLS data sets can be fit with the same time constants shown in Table III , with differences only in the amplitudes. The biexponential fit parameters for the middle and bottom curves in Fig. 6 (b) are listed in Table V . Without beat subtraction, the data from the reverse micelles in isooctane decay very quickly [bottom curve, Fig. 6(b) ] and bear no resemblance to the CCl 4 data [top curve, Fig. 6(b) ]. After beat subtraction, the time constants of the CLS (Table V) are the same as those found for the system with CCl 4 (Table III) as the solvent.
Our main purpose in pursuing the isooctane 2D IR spectrum background subtraction experiments was to show that there is little difference in dynamics with different solvents, allowing us to compare our experimental CCl 4 data with other studies conducted with isooctane as the solvent. The lack of difference in the spectral diffusion between solvents is perhaps not too surprising, as the infrared spectra and pumpprobe experiments show perfect agreement in absorption line shapes (Fig. 2), vibrational relaxation (Fig. 3) , and reorientation dynamics (Fig. 4) between the two solvents. We conclude that water nanopools in small reverse micelles of the same size prepared in CCl 4 and in isooctane have identical characteristics.
We can now discuss the FFCF parameters given in Table  IV . In bulk water, the FFCF is characterized with two time constants of ∼400 fs and 1.7 ps and a motionally narrowed homogeneous component. 74 The homogeneous component and the 400 fs component have been attributed to fast, local fluctuations in the hydrogen bonding network, while the 1.7 ps time constant is associated with complete structural randomization through global hydrogen bond rearrangement. As discussed in Sec. I, bulk water orientational relaxation has a time constant of 2.6 ps, which is attributed to jump reorientation.
1, 2 The two time constants for spectral diffusions and orientational relaxation are very similar because the mechanisms that give rise to them are very similar. However, in the w 0 = 2 reverse micelle water nanopools, there are at least three decay times in addition to a homogeneous component. In analogy to bulk water, the 0.9 ps decay may be the result of local hydrogen bond fluctuations that are slowed compared to bulk water because of the constraints placed on the hydrogen bond network by the interactions with the interface. The offset in the FFCF parameters reflects the dynamics that are so slow that they are outside the experimental time window, which is limited by the vibrational lifetime. Simulations show that there are very slow dynamics that contribute at long time to the FFCF. 35 For example, water molecules that are surrounded by other water molecules will have a different distribution of vibrational frequencies than water molecules directly interacting with the interfacial sulfonate head groups. For complete spectral diffusion to occur, all water molecules must sample all frequencies, which means that they must experience all structures. A water molecule surrounded by other water molecules will have to diffuse to the interface before spectral diffusion can be completed. Diffusion to the interface, or perhaps exchange between populations, will be very slow in the extremely crowded and constrained environment of a very small reverse micelle water nanopool.
What might give rise to the 10 ps intermediate component that is not present in bulk water? The key difference between bulk water and water in the small reverse micelle is the strong influence of the interface on all of the water molecules. Water hydroxyls are either directly interacting with the interface or bound to a water that is directly interacting with the interface. Even though on average AOT reverse micelles are spherical, the interface is far from a smooth sphere. The interface has a rough topography, and studies have shown the necessity of including surface roughness in MD simulations in order to capture accurate lineshapes. 35 Water at the rough interface is shown schematically in the cartoon in Fig. 9 . This rough topography will contribute to inhomogeneous broadening, as the water molecules must accommodate this topography. The hydrogen bonding network will be forced out of the ideal structure it can assume in bulk water. Individual sulfonate head groups can move relatively rapidly. Such motions will change the local hydroxyl environment and produce some spectral diffusion. Then one possibility is that fluctuations in the interfacial topography could be responsible for the 10 ps component of the spectral diffusion. According to our beat subtraction study, it does not appear that the identity of the solvent would affect the degree of surface roughness or fluctuations, given that the time constants remain the same for both systems.
Returning to Table IV , the FFCF has a homogeneous (motionally narrowed) component. The homogeneous component can be quantified by the dephasing time, T 2 . The time constant t 1 has been attributed to fluctuations in the hydrogen bond network, and t 2 describes possible topography fluctuations or other dynamics induced by the presence of the interface. Each time constant has an associated frequency amplitude ( i ) which describes how much each component contributes to the linewidth. The intermediate component (t 2 ) adds a significant amount of inhomogeneous broadening, more than 1 . The parameter 3 corresponds to the component described by an offset in the biexponential fit and reflects very slow dynamics outside of the experimental time window. This component is also large.
IV. CONCLUDING REMARKS
Here we have compared four experimental observables of the nature of the water nanopool in small AOT reverse micelles in two solvents: isooctane and CCl 4 . The OD stretch of dilute HOD was studied. It was found that the linear absorption spectra were identical for reverse micelles in the two solvents. Polarization and wavelength selective pump-probe experiments showed that the vibrational lifetimes and orientational relaxation were independent of the solvent. Both of these time-dependent observables are quite sensitive to the local environment of the HOD. Ultrafast 2D IR vibrational echo spectroscopy, which measures spectral diffusion, provides detailed information on structural dynamics of the water hydrogen bonded network that is not accessible to other techniques. The initial studies of the AOT reverse micelles with isooctane as the solvent produced results that were inconsistent with expectation based on a large number of previous experiments on aqueous systems. 38, 41, 74, 75 In particular, the individual interferograms had features that were inconsistent with water signals (see Figs. 7 and 8 ). Although isooctane is often used to form AOT reverse micelles, the problems with the interferograms led to performing the 2D IR vibrational echo measurements with CCl 4 as the solvent. The experiments with CCl 4 did not have the problematic interferograms observed with the isooctane solvent. The efficacy of using CCl 4 led to the necessity of demonstrating that the choice of solvent did not significantly change the properties of the water nanopools. As shown above, the nature of the water in the reverse micelles nanopools is independent of whether CCl 4 or isooctane is used as the solvent.
Examination of the AOT/isooctane system without the HOD in the water and without any water at all showed that the combination of AOT and isooctane gave rise to a signal with beats that do not occur under the same conditions with AOT/CCl 4 . The beat pattern observed in the interferograms of the AOT/isooctane system (see Figs. 7 and 8) prompted the development of a 2D background subtraction procedure which was relatively successful in removing the solvent background from the true vibrational echo signal from the OD stretch. The observation of the solvent contribution to the desired signal is an important warning to other workers using 2D IR spectroscopy. It is generally assumed that the solvent will not give a well defined signal that can influence the signal from a resonant vibrational chromophore. Clearly this is not always the case. 2D background subtraction may be useful in other systems that give rise to a solvent contribution to the 2D spectra.
It is interesting to note that neither of the AOT stock solutions in isooctane and CCl 4 produce a background signal, nor does isooctane by itself. We also found that AOT/cyclohexane does not produce a signal. It was observed in a different type of 2D experiment that AOT/octane did produce a background signal, but that it is smaller than that with AOT/isooctane. 73 Therefore, the methyl groups are implicated as interacting with AOT in some manner to permit the background signal to occur.
The 2D IR vibrational echo experiments on the water nanopools of w 0 = 2 AOT/CCl 4 reverse micelles displayed dynamics on several time scales. In addition to a substantial motionally narrowed homogeneous component, relatively fast fluctuations on an ∼1 ps time scale contribute to spectral diffusion. These fluctuations are likely due to very local length fluctuations of hydrogen bonds. This time scale is somewhat longer than that found in bulk water for the same process. An intermediate time scale (∼10 ps) does not have an analog in bulk water. This component probably arises from the influence of the interface on hydrogen bond dynamics. There are longer time scale fluctuations that are outside of the experimental time window, such as diffusion and exchange, which are limited by the vibrational lifetime of the OD hydroxyl stretch. The vibrational echo studies are currently being extended to larger reverse micelles (w 0 = 4, 7.5, 12, and 16.5).
